The switching behaviour of stilbene molecular system (SMS) device is investigated with the help of non-equilibrium Green's function (NEGF) approach using first principles calculation. The transmission spectrum of cisisomers confirmed that more electrons are transferred across the SMS-device using optical excitation by the spin of C=C bond by torsion angle (θ = 180 • ). The current-voltage characteristics show the lower magnitude of current for trans-stilbene and higher magnitude of current for cis-stilbene for an externally applied bias voltage. The outcome of the proposed work suggests that cis and trans-stilbene molecular device can be used as a switch.
Introduction
Photochromes, generally represented as molecular switches, allow tuning their functional properties, which arose due to their molecular structure through excitation of a light source of suitable wavelengths. Thus, the molecules can be inter-converted reversibly among the two metastable isomers as a consequence of photocyclization, i.e., cis trans isomerization or combination of both. Among the most significant photochromes, azobenzene, stilbene, and their derivatives exhibit reversible photo-induced cis trans isomerization. Moreover, thermodynamically trans-isomer is more stable than cis form [1] . Optical excitation developed by rotation of N=N (C=C) double bond in azobenzene (stilbene) or C inversion in stilbene drives the photoisomerization. Azobenzene isomers and its derivatives can be thermally initiated for cis→trans reaction. However, in the case of stilbenoid isomers, the thermal-back reaction is not feasible, because the activation barrier is noticed to be higher by the order of 1.9 eV [2] compared to azobenzenes (1 eV) [3] . The switching behaviour of stilbene highly depends on the structure of both stilbene conformations (cis and trans). The switching properties of stilbene from trans to cis switching is observed by ultraviolet irradiation (340-400 nm), whereas cis form to trans switching is noticed with the exposure of visible radiation (400-500 nm) [2] . The lifetime for excitation of cis and trans form is noticed to be around 300 fs and 10-100 ps, respectively. In addition, the energy barrier of cis and trans conformations in the gas phase has been found experimentally to be < 0.05 eV and 0.15 eV, respectively.
Nowadays, much effort has been taken by researchers toward molecular switches owing to their potential application in nanotechnology including information storage and developing adaptive surfaces [4] . The primary goal of the future applications is to control and understand the geometrical variations of molecular switches, such as stilbenes and azobenzenes adsorbed on the surface of a solid substrate. For this reason, it is essential to gather a detailed knowledge regarding the electronic structure (occupied and unoccupied orbitals) and the adsorption structure (molecular orientation) of the molecules in contact with solid substrates. Many researchers, particularly, Kaloni group, have extensively studied the structural and electron properties of organic polymers, especially polythiophene, to be utilized for future optical and electronic devices [5] [6] [7] [8] [9] [10] .
Photochromic molecules can experience reversible photo-triggered isomerization among the two meta-stable states. Recently, a larger quantity of photochromic molecules have been synthesized and designed, including E/Z isomerization, cycloadditions, valence isomerization and tautomerizations. Usually, the photochromic molecules can be segregated into numerous classes based on their type of chemical process concerned [11] : (1) photo-induced bond cleavages, namely perchlorotoluene; (2) pericyclic reactions, such as electrocyclizations, such as oxazines/-spiropyrans, cycloaditions, diarylethenes and fulgides in aromatic compounds; (3) electron transfers; (4) intramolecular group/hydrogen transfer such as polycyclic and anilsquinones; (5) E/Z isomerizations including stilibenes, azobenzenes and so on. Among these photochromic molecules, the extensively used are stilbenes [12] , diarylethenes [13] , azobenzenes [1] and oxazines/-spiropyrans [14] . Moreover, oxazines/-spiropyrans, stilbenes and azobenzenes can be switched between the possible two isomers either thermally or photochemically, whereas the diarylethenes can be reverted either electrochemically or photochemically. The functionalization of carbon-dependent materials with photochromic molecules is an extensively used technique to observe their capability to respond towards light stimuli at particular wavelengths. Furthermore, the photochromic isomers adopt various significant properties on a single molecule, which leads to considerably diverse macroscopic properties at the ensemble level [15] . Thus, the decoration of carbon-dependent materials along with photochromic moieties to regulate local changes in the electrostatic, mechanical, optical environment through a light source input has shown great interest in the subject of materials science, physics and chemistry.
Leyssner et al. [16] reported the molecular switches on Au(111) electrodes and compared the switching properties of stilbene and azobenzene derivatives. Zhang and co-workers [17] proposed the optical response of photochromic molecules with the coupling of carbon nanomaterials. Gutierrez et al. [18] reported the transport properties of cis/trans stilbenoid with a carbon-based molecular system using DFT technique. DFT is a significant technique to explore the electronic properties of an organic molecule, which can be investigated at the atomistic level. The inspiration behind the proposed study is to investigate the molecular switching behaviour of trans and cis isomers of stilbene, which are sandwiched amongst Au(111) electrodes in order to investigate the transport characteristics.
Computational methods
In this work, the electron transport property of SMS device is investigated using NEGF and DFT approach executed in TranSIESTA utility in SIESTA package [19] . So far, the NEGF technique has been utilized to explore the coherent transport via molecular device [20] . It infers that the quantummechanical-phase provides a coherent transfer of electrons between two electrodes, via the molecular region. Nevertheless, the NEGF approach is also a promising technique for phonon scattering and determining the external parameters, magnetic field for instance. All structural optimization in the present work is carried out by adjusting the grid mesh cut-off and vacuum slab about 550 eV and 16 Å, respectively. The full geometrical optimization was performed with the help of conjugate gradient technique until the Hellmann-Feynman force was perfectly converged to 0.02 eV/Å. In addition, the integration of Brillouinzone for a stilbene molecular system is sampled with (10 × 10 × 10) Γ-centered Monkhorst-pack k-grid [21] . The electron-electron interaction on SMS-device is determined using a prominent GGA/PBE exchange correlation functional [22, 23] . TranSIESTA also explores the switching mechanism of the stilbene molecular device with Troullier-Martins (TM) norm-conserving pseudopotentials scheme [24] . In the present study, double zeta polarization (DZP) basis set is used for Au(111) electrode and for stilbene molecules, during structural relaxation [25, 26] . The electronic transport characteristics of a stilbene molecular system are studied using a two-probe method [27] . In the present model, the electrode consists of three Au(111) layers. In this stilbene molecule device, we adopted a supercell size of 3 × 3 with a lattice constant of 19.634 Å. The stilbene 2-probe system is a bare system, the right-hand and lefthand gold-electrode region comprises three layers of gold (111) with 3 × 3 surface atoms, that replicate periodically, which forms the infinite Au-electrode. The stilbene-electrode distance is fixed to be constant for all the system after the energy convergence of the stilbene molecular system, the axial distance of
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Au-S varies from 1 to 5 with a minimum step variation of 0.1 Å. Finally, the total energies of the stilbene molecule scattering region (MSR) for a 3-supercell system are computed, and the minimum value is observed at 2.35 Å for both Au-left-hand and Au-right-hand electrodes. The methods are similar to those used in the literature [28] , which use nanostructures such as carbon nanotubes and boron nanotubes. Along the stilbene molecular device, an external bias voltage (V b ) is applied along the right-hand-Au and left-hand-Au electrodes for the current flow.
Results and discussion

Structure of SMS device
The two conformers of stilbene, namely 'trans' and 'cis', are bonded to the gold electrodes. The stilbene photochromic molecules are bonded with gold electrodes through sulphur atoms. In general, noble metals, namely platinum or gold, can be utilized as electrodes, which also possess a good ohmic contact. Further, the Au-electrode is oriented along (111) plane. To investigate the transport characteristics of stilbene based two-probe device, DFT with NEGF method is used as demonstrated by Brandbyge and co-workers [29] . The method mainly depends on the two-probe device under applied bias condition. In the present study, the two-probe stilbene device consists of two Au-electrodes on both left and right sides of the scattering region and central scattering region, which include a small portion of the Au-electrodes and stilbene molecule. At the initial stage, the electronic properties of both right-hand and left-hand Au-electrodes are computed to get a corresponding self-consistent potential (SCP), which offers the real-space boundary (RSB) conditions to the stilbene molecule scattering region (MSR). Moreover, from the Green's function (GF) of stilbene MSR, the density matrix along with electron density is found. This stepwise procedure is repeated until the desired SCP is achieved. Further, the current flowing along the stilbene MSR can be determined from the corresponding self-energies and GF by Landauer-Büttiker formalism for the proposed stilbene molecular device. The stilbene molecule has properly merged to two similar semi-infinite Au(111) electrodes, as shown in figure 1. For both isomers, namely trans and cis of stilbene, the current transferring over the SR is investigated within the voltage range of 0.1-1.2 V. Besides, for higher bias voltages, the stilbene SR gets damaged resulting in an open circuit. Therefore, the applied external V b is limited to 1.2 V and the response is conversed in the present work. The potential difference between Au-left-hand (+V/2) and Au-right-hand (−V/2) is kept across the stilbene molecular 
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system. Interestingly, the changes in geometry and the applied external bias voltage of photochromic organic molecules influence the charge transmission and density of states (DOS) spectrum along SMS device. Figures 1 and 2 illustrate the pictorial representation of SMS switching device in ON (θ = 180 • ) state and OFF (θ = 0 • ) state, respectively.
Device density of states (DDOS) spectrum of SMS device
To understand the electronic properties of stilbene in depth, DOS spectrum gives a clear picture about the charge density for various energy intervals under the applied external bias voltage [30, 31] . Moreover, stilbenoid and stilbenes organic compounds exhibit photochemical cis-trans isomerization. Thus, stilbene also serves as building blocks for organic compounds, whose properties can be utilized in electro-optics and optical applications including nonlinear optics, optical data storage [32] . The DDOS spectrum provides a perception on charge localization in SMS-device. Furthermore, based on the conformers (cis or trans), the charge localization varies upon the applied external bias voltage. The switching properties of stilbene are mainly related to the geometry of each stilbene organic molecules. The switching behaviour of stilbene from cis to trans form is observed by the exposure of visible radiation (400-500 nm) [33] , whereas trans form to cis switching is noticed with the ultraviolet irradiation (340-400 nm) [2] . The main objective of the present study is to model the photoisomerization along with its response coordinate described by the torsion angle around the central C=C bond [34] . In general, isomerization mechanism may be observed from two significant models: (1) conventional one-bond flip (OBF) model, the substituents of the C=C bond transfer along the cone surface, (2) hula-twist (HT) [34] model, only the C=H group rotates out of plane and the remaining parts reorient within the plane. After excitation, the trans isomer transforms to cis stilbene upon the shining ultraviolet radiation, the C=C bond twists by 180 • , and an excitation energy (S 1 ) minimum at a normal conformer (P * ) is observed for both cis and trans isomers [35] . In order to leave the fluorescent region on both excitation trans * and cis * isomers towards P * , the organic molecules should overcome a very small barrier. The lifetime for excitation of trans population is observed between 10 to 100 ps based on the excess energy [36] and for cis photo-exited population 300 fs [37] . Further, the energy barrier of an initial geometry of trans and cis stilbene in the gas phase has been found experimentally about 0.15 eV [38] and < 0.05 eV [39] , respectively. The switching behaviour along the stilbene arises owing to the distribution of free electrons in C=C, the free electrons in two sides of trans isomer transfer to one side in cis isomer upon the exposure to the radiation of ultraviolet light. Precisely, the two π-conjugated arms of stilbene by-products participate in the switching amongst cis and trans isomers. Interestingly, the variation in electronic structures is noticed to be significant on both trans and cis photoisomerization. Therefore, the free lone pair of electrons of C=C is engaged in the variation of DOS. The electron density (ED) of cis and trans SMS-device at zero bias condition is displayed in figures 3 and 4 , respectively.
The electron density is noticed to be high beside the Au-electrodes regions owing to its metallicnature. Nevertheless, in SR-region, the electron density is detected to be low. Furthermore, on changing the external V b through the π-conjugated isomers, the ED varies upon the applied external V b . Besides, 
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Investigation on stilbene molecular system device the changes in V b along SMS device result in the variation of the charge density across energy intervals. In this work, the changes in DOS spectrum are noticed only beyond an external bias voltage value of 0.1 V, which is proved through the considerable changes in the charge density. Moreover, a significant change in output current is observed only within the V b range of 0.1 to 1.2 V; beyond 1.2 V, the stilbene MSR gets damaged. Moreover, the Fermi level energy (E F ) is kept at zero, the bias window among Au-left-hand and Au-right-hand electrode is adjusted to +V/2 and −V/2 in a stilbene molecular system. Figures 5 and 6 refer the DOS-spectrum of SMS device in ON (cis) and OFF (trans) states, respectively. Diligently, the orbital overlapping of stilbene hydrocarbons bonded between phenyl rings and Au atoms results in a peak maximum (Pmax) and is detected on both the valence band (VB) and on the conduction band (CB). Moreover, the switching between cis and trans isomers is noticed upon the exposure to UV radiation due to a bond flip process across C=C, with twisting of phenyl rings to 180 • along the surface of a cone. Besides, when the SMS device is in ON (cis) state, the Pmax is observed near CB. When V b is set to 0.1 V, the Pmax is noticed around 1.12 eV at CB. Upon increasing the external bias voltage between the Au-left-hand and Au-right-hand electrodes, the Pmax are detected in both CB as well as in VB with a peak shift owing to the variation in the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Furthermore, for higher voltages, peak maxima are noticed at higher energy intervals on both VB and CB. It is inferred that in cis isomers of a stilbene molecular device, the external bias voltage leads to a charge delocalization in various energy intervals.
The variation in HOMO-LUMO orbitals along the SMS device arises owing to the one-bond flip mechanism of C=C bond in phenyl ring with respect to the Au-electrodes. Further, the variation in LUMO and HOMO molecular orbitals is observed at higher bias voltages, which infers that the applied external V b drives the density of charge along the SMS-device. For trans-isomers (OFF) condition, the charge density is less, which is revealed from the decrease in peak maxima in CB of DOS-spectrum as shown in figure 6 .
The torsion barrier for trans-isomers is reported to be around 3 kcal/mol [40] . In the present work, more peaks are detected and the peak shift in different energy intervals is noticed in the conduction band of cis-isomers (ON) state of SMS device rather than of trans-isomers (OFF) state. Therefore, the charge density along the stilbene molecular system changes with the help of the applied V b and the spin of the photochromic molecule through a desired angle in different conformations.
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Transport properties of SMS device
The electronic transport characteristics of SMS device can be illustrated with the help of transmission spectrum (TS) [41] [42] [43] The transport properties of SMS device are explored using TranSIESTA utility in SIESTA code. The current flowing through the stilbene molecular device is given by Landauer-Büttiker formula [44] 
where µ L and µ R illustrates the chemical potential (CP) of Au-left-hand and Au-right-hand electrodes, respectively. f L and f R refer to the electronic Fermi functions of the Au-left-hand and Au-right-hand electrodes, respectively. V b is the applied external bias voltage of Au-left-hand and Au-right-hand electrodes [45] . T(E, V b ) refers to transmittance of a stilbene molecular system at the bias voltage V b and energy level E [46] . Γ L,R is referred to as a coupling function of left-hand and right-hand self-energies, respectively. The corresponding retarded and advanced Green's function has been utilized to find the transmission of the stilbene molecular device and it is denoted by G R and G A . The expansion of each term including transmittance and CP on the above equations (3.1) and (3.2) is clearly discussed in our previously reported work [1, 30] If V b is set to zero voltage, the transmission energy at Fermi level T(E F ) provides the conductance G = G 0 T(E F ), where G 0 = (2e 2 )/h is the unit of quantum conductance [29, 47] . The orbital delocalization along the stilbene molecular system directs to enhance the concentration of free electrons, where it is noticed on particular peak amplitudes P amp in the transmission spectrum of SMS device [48] [49] [50] [51] . The conductance G is explored for various lengths of Au-electrodes. The conductance of stilbene at E F decreases exponentially as the gold electrodes length increases. An exponential decrease of conductance with an increasing length of an electrode has been reported in the literature [52] . Therefore, a suitable length of Au-electrode must be selected to explore the transport characteristics of a stilbene device. Further, the applied external V b acts as a driving force along the stilbene device, which results in the shift of the peak amplitudes on both CB and VB. Figures 7 and 8 refer to the transmission spectrum of SMS device in cis state and trans state, respectively. The variations in the geometrical structure introduce the deviation in molecular dipole. Moreover, for cis-SMS device, for the applied external V b , the P amp is noticed in VB and CB with a higher amplitude. In addition, an increase in V b pushes the charges through the stilbene molecule, that is why the peak shifts are noticed in the transmission spectrum of cis-SMS device. Nevertheless, observing the transmission spectrum of trans-stilbene device, almost all the peaks are noticed nearer to the Fermi energy level and in the valence band with lower peak amplitudes.
From the observation, it is precisely inferred that a greater peak shift and high amplitudes are noticed in CB of 180 • phase variation of SMS device rather than in 0 • phase shift of SMS device. The photoisomerization can be stimulated by optical excitation of a prominent wavelength of visible radiation (cis → trans) and UV radiation (trans → cis) owing to C inversion. Thus, it is evident that the concentration of electrons across the cis-stilbene is high, which facilitates the electronic transport across the scattering region. Furthermore, the charge transmission in different energy intervals upon increasing V b is noticed via the shift in P amp . From the outcome, it is clearly proved that the variation in transmission spectrum along the stilbene molecular system device arose due to the one-bond flip mechanism of C=C bond in the phenyl ring. For trans-isomers, the transfer of electrons across the stilbene junction is less, which is proved by a decrease of peak amplitude on both VB and CB of the transmission spectrum as depicted in figure 8 . Moreover, the variation in the transmission spectrum between the cis and trans conformers is governed by the fact that there is a potential barrier of around 3 kcal/mol [40] for torsion angle (θ = 0 • ) in trans-isomer. On the other hand, there is a much less barrier noticed for cis-isomer [39] . From the observation of transmission spectrum, it is precisely proved that the V b applied across the phenyl ring with a desired torsion angle governs the transition of electrons along SMS device.
Current-voltage characteristics of stilbene molecular device
The I−V characteristics provide a perception on the switching properties of cis-SMS and trans-SMS device. Figure 9 refers to the I−V characteristics of trans and cis isomers of stilbene device.
As mentioned above, the current for the applied V b of stilbene device is given by Landauer-Büttiker expression from equation. The current passing over the scattering region in stilbene is noticed to be favorable for cis-SMS device. Besides, the cis→trans isomerization occurs spontaneously owing to the
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Investigation on stilbene molecular system device lack in energy barrier. Nevertheless, substituents in stilbene may convert cis isomer optically more stable than trans isomer upon optical excitation. The current flowing through the cis conformation in stilbene device is comparatively larger than the trans-conformation in stilbene device as noticed in figure 9 . The question arises why the trans-isomer has a lower magnitude of current than cis isomer? This is due to the existance of a low energy barrier (< 0.05 eV) [39] noticed for cis-isomer, whereas the trans-isomer has the barrier of 3 kcal/mol [40] , where the electrons flowing across the scattering region must cross this barrier. Thus, the current flowing through the trans stilbene device is found to be of lower magnitude than cis stilbene device. At low bias voltages (0.1-0.5 V), there is no significant current flow through the device observed both for cis and trans isomer. Beyond 0.5 to 1.2 V, the current transient through the stilbene molecular device is found to be significant. How cis and trans conformers can be used as a switch? From the results of current-voltage characteristics, for cis configuration, the magnitude of current is of the order of microampere for the applied V b of 1.2 V. However, the current flowing to trans configuration of stilbene device is only of the order of nanoampere. Thus, using a proper signal conditioning circuit, the magnitude can be discriminated and can be used as a switch. Moreover, the higher applied bias facilitates the transition across the stilbene scattering region. A drastic variation in the current between the cis and trans configuration can be demonstrated with the help of charge transfer between the HOMO and LUMO levels. Moreover, the variation of current in the stilbene molecular junction is influenced by HOMO-LUMO levels of stilbene conformers and the gold electrodes. Based on the torsion angle θ, the junction barrier differs. As discussed earlier, there is a negligible value of barrier found for the torsion angle (θ = 180 • ) in cis-isomer, but for trans-isomer, the barrier is observed with a reported value of 3 kcal/mol [40] . Previously we have demonstrated the switching properties of cis-trans isomer of azobenzene molecular device [1] . Leyssner and co-worker [16] demonstrated the molecular switches adsorbed on Au(111) and compared the switching behaviour of azobenzene and stilbene derivatives. This further confirms and validates the switching properties of stilbene with the present research work. Therefore, it is clearly proved that cis and trans-SMS device can be utilized as a switching element. Figure 10 gives the insights on the switching behaviour of cis and trans stilbene molecular device.
The stilbene isomerization is mainly utilized for varying supramolecular geometry and domains. Upon visible or ultraviolet irradiation, the cis and trans configuration can be changed in the stilbene device. Thus, we may induce a phase change, a solubility change, surface activity of a surfactant, and the critical micelle concentration can be varied upon shining a particular wavelength of radiation on stilbene molecule. Moreover, it can be recommended that stilbene molecular device should be utilized as a photo-switch as well as may be used for different potential applications including photo-actuation, lithographic patterning and optical switches. 
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Conclusions
In conclusion, the switching behaviour of a stilbene molecular system device is investigated using DFT and NEGF technique. The scattering region of stilbene single molecule encompasses cis and trans isomers of stilbene, and its switching properties are investigated. The DDOS spectrum of trans isomer reveals less peak maxima than cis isomer of a stilbene device. By contrast, the Pmax in cis isomer is observed to be high in both the conduction band and in the valence band, which arise owing to the rotation of the torsion angle of C=C bond (θ = 180 • ). The transmission spectrum also proves the presence of a higher peak amplitude in cis-stilbene molecular device (ON state) compared to the trans-stilbene device (OFF state). The current-voltage characteristics reveal a closed configuration of a cis-stilbene molecular device. The magnitude of current flowing though the cis stilbene device is found to be higher than the trans stilbene device. The findings of the proposed research work verify the switching behaviour of SMS device, which is investigated at an atomistic level. Besides, a stilbene based molecular system can have a variety of potential applications including photo-actuation and optical switches.
